We present the stellar velocity maps of 25 massive early-type galaxies located in dense environments observed with MUSE. Galaxies are selected to be brighter than M K = −25.7 magnitude, reside in the core of the Shapley Super Cluster or be the brightest galaxy in clusters richer than the Virgo Cluster. We thus targeted galaxies more massive than 10 12 M and larger than 10 kpc (half-light radius). The velocity maps show a large variety of kinematic features: oblate-like regular rotation, kinematically distinct cores and various types of non-regular rotation. The kinematic misalignment angles show that massive galaxies can be divided into two categories: those with small or negligible misalignment, and those with misalignment consistent with being 90
INTRODUCTION
The orbital structure is a powerful tracer of the formation processes shaping galaxies. As galaxies acquire gas, accrete satellites or merge with similar size objects, new populations of stars are created and the mass and luminosity distributions evolve. The changes in the gravitational potential have a direct influence on the allowed and realised trajectories, providing for a variety of observed stellar kinematics. As observers, we thus hope to constrain the ingredients (and chronology) which shaped galaxies by probing the spatial variations of the line-of-sight velocity distribution (LOSVD).
Theoretical insights, based on analytical and numerical work, are crucial for the interpretation of the observed stellar kinematics of galaxies (see e.g., . In an idealised E-mail:dkrajnovic@aip.de system with triaxial symmetry, assuming a gravitational potential expressed in a separable form (e.g. Stäckel potentials as introduced by Eddington 1915), there exist a few families of dissipation-less orbits which stars can adopt: box orbits, short-axis tubes, inner and outer long-axis tubes (de Zeeuw 1985) . In such systems, symmetry changes, for example between spherical, oblate or prolate axial symmetries, limit the stability of orbital families. de Zeeuw (1985) showed that a purely oblate spheroid should consist of only shortaxis tubes, and therefore show a typical streaming around its minor axis, unless there is an equal amount of stars on both prograde and retrograde orbits canceling out the net streaming. A prolate spheroid allows only inner and outer long-axis tubes, and streaming around the major axis of the galaxy. The argument can also be reversed to state that galaxies with only long axis tubes cannot be oblate and axisymmetric, or even triaxial, and that a galaxy with short axis tubes does not have prolate symmetry.
The velocity maps of triaxial spheroids, viewed at random angles, can exhibit a rich variety of kinematic features. This is a direct consequence, as pointed out by , of the freedom in the direction of the total angular momentum resulting from the orbital mixture, and the momentum vector which can lie anywhere in the plane containing the major and minor axis of the galaxy. This was illustrated by Statler (1991) with models viewed along various orientation angles, and associated with actually observed galaxies with complex kinematics (e.g. NGC 4356 and NGC 5813; van den Bosch et al. 2008; Krajnović et al. 2015, respectively) Observational studies using long-slits were able to investigate velocity features along selected angles (often along the minor and major photometric axes), and revealed that a majority of galaxies exhibit negligible rotation along their minor photometric axis (e.g. Bender et al. 1994) , while a few massive elliptical galaxies show more complex rotation indicating the presence of long-axis tubes and significant rotation around their major axis (e.g. Illingworth 1977; Schechter & Gunn 1979; Wagner et al. 1988) . A major change in this field came from the proliferation of the integral-field spectrographs (IFS) and their ability to map the distribution of velocities over a significant fraction of the galaxy. The last decade of IFS observations has revealed that the vast majority of galaxies actually has very regular velocity maps within their half light radii (e.g. Emsellem et al. 2004; Krajnović et al. 2011; Houghton et al. 2013; Scott et al. 2014; Fogarty et al. 2015; Graham et al. 2018) .
The ATLAS 3D project (Cappellari et al. 2011a ) addressed this more specifically via a volume limited survey of nearby early-type galaxies, demonstrating that galaxies with complex velocity maps comprise only about 15% of the local population of early-type galaxies (Krajnović et al. 2011) , and that the majority is consistent with oblate rotators (notwithstanding the presence of a bar, see Krajnović et al. 2011; Weijmans et al. 2014) . The regular and nonregular rotator classes seem to reflect a significant difference in their specific stellar angular momentum content, allowing an empirical division of early-type galaxies into fast and slow rotators (Emsellem et al. 2007 (Emsellem et al. , 2011 . Krajnović et al. (2008) also emphasised the fact that axisymmetric fast rotators have regular velocity fields which qualitatively resemble those of disks. The internal orbital structure of these galaxies can, however, be complex, as evidenced by the range of photometric properties (e.g. disk-to-bulge ratio) and the common presence of tumbling bars.
There are several caveats which need to be emphasised. Firstly, the intrinsic shape of a galactic system is seldom well defined by a single number, e.g., the apparent ellipticity varies with radius. Along the same lines, the terms "triaxial" or "oblate" systems may not even be appropriate when the intrinsic ratios and/or the position angle of the symmetry axes change with distance from the centre: the gravitational potential of a galaxy could smoothly vary from oblate in the centre to strongly triaxial or prolate in the outer part, with the main symmetry axes not even keeping the same orientation. Secondly, ellipsoids are certainly a very rough approximation when it comes to describing the intrinsic shapes of galaxies, as they have overlapping components with different flattenings, varying bulge-to-disk ratios, and often host (tumbling) bars. While the observed kinematics of fast rotators (including also higher moments of the LOSVD, Krajnović et al. 2008 Krajnović et al. , 2011 seem to indicate that their internal orbital structure is dominated by short-axis tube orbits (and streaming around the minor axis), numerical simulations of idealised mergers and those performed within a cosmological context naturally predict the coexistence of multiple orbital families, the central and outer regions often being dominated by box and short-axis tube orbits, respectively (e.g. Jesseit et al. 2005; Hoffman et al. 2010; Röttgers et al. 2014) .
The division of galaxies into fast and slow rotators connects also with two dominant channels of galaxy formation (as reviewed in Cappellari 2016) . Present spirals and fast rotators are mostly descendants of star forming disks and their evolution is dominated by gas accretion, star formation, bulge growth and eventual quenching. The slow rotators may also start as turbulent star-bursting disks at high redshift (e.g. Dekel et al. 2009; Kereš et al. 2009 ), or be hosted by haloes with small spin parameters (Lagos et al. 2017) , but the late evolution of most slow rotators is dominated by mergers with gas poor galaxies (De Lucia & Blaizot 2007; Dekel et al. 2009; Williams et al. 2011; Kaviraj et al. 2015) . The first channel therefore favours regular kinematics and internal orbital structure dominated by short-axis tubes, while the second channel implies dynamically violent redistribution of orbits and the creation of triaxial or prolate-like systems, which include a significant fraction of long-axis tubes. A strong mass dependence has been emphasised, with more massive galaxies being more likely to follow the second channel (Rodriguez-Gomez et al. 2016; Qu et al. 2017) .
A clear manifestation of the triaxial nature of galaxies is a non-zero value of the kinematic misalignment angle, Ψ, the angle between the photometric minor axis and the orientation of the apparent angular momentum vector . In an axisymmetric galaxy, the apparent angular moment coincides with the intrinsic angular momentum and is along the minor axis, hence Ψ = 0. Triaxial galaxies can exhibit any value of Ψ, while prolate galaxies with significant rotation would have Ψ closer to 90
• . Galaxies with large Ψ exist Cappellari et al. 2007; Krajnović et al. 2011; Fogarty et al. 2015; Tsatsi et al. 2017) and are typically more massive than 10 11 M (but for dwarf galaxies see e.g. Ho et al. 2012; Ryś et al. 2013) . It is, however, not clear if prolate-like systems feature prominently at high mass and if this links preferentially to a specific channel of galaxy evolution.
Galaxies at the top of the mass distribution are intrinsically rare. They are mostly found in dense environments, often as the brightest members of groups or clusters. Brightest cluster galaxies (BCGs) are usual suspects, and are known to have low amplitude or zero rotation (Loubser et al. 2008; Jimmy et al. 2013; OlivaAltamirano et al. 2017 ). Still, current surveys of massive galaxies have so far offered little evidence for large Ψ values or clear-cut signatures for strong triaxiality (e.g. Veale et al. 2017b) . In this work, we present the first results from an observation-based survey, the M3G (MUSE Most Massive Galaxies; PI: Emsellem) project, aimed at mapping the most massive galaxies in the densest galaxy environments at z ≈ 0.045 with the MUSE/VLT spectrograph (Bacon et al. 2010) . We focus on presenting the stellar velocity maps, emphasising the relatively large number of prolate-like systems, i.e., galaxies with rotation around the major axis. The orbital distribution of galaxies exhibiting large values of Ψ (and having net rotation around the major axis) are thought to be dominated by long-axis tubes: we will thus refer to such cases as prolate-like rotation 1 . However, as mentioned above, and discussed in Section 4, 1 An alternative name used in the literature is minor-axis rotation, as the gradient of the velocities is along the major axis, and it should be differentiated from rotation around the minor axis present in oblate axisymmetric systems. To avoid any ambiguity, next to the defined prolate-like rotation, we will use the nomenclature from Krajnović et al. (2011) , where regular rotation is used for oblate rotators with velocity maps consistent with those we caution the reader that this does not imply that these are prolate systems. Presenting the complete survey, its data products and subsequent results is beyond the scope of the current publication and will be presented in forthcoming papers. In Section 2 we briefly report on the observations and the data analysis. We present the main results on the rotational characteristics of the M3G sample in Section 3, which is followed by a discussion in Section 4 and a brief summary of conclusions in Section 5.
OBSERVATIONS AND ANALYSIS
In this section we briefly describe the M3G sample of galaxies, the observations and the extraction of the kinematic information. Further details on these aspects will be presented in a following M3G paper (Krajnović et al. in prep.) .
The M3G sample and MUSE observations
The M3G sample comprises 25 early-type galaxies selected to be brighter than -25.7 magnitude in the 2MASS K s −band and found in the densest environments. We created two sub-samples of galaxies: one consisting of the brightest galaxies in the densest known structure, the core of the Shapley Super Cluster (SSC) (Shapley 1930; Merluzzi et al. 2010 Merluzzi et al. , 2015 , and the other targeting BCGs in rich clusters. We selected galaxies in the SSC using the 2MASS All Sky Extended Source Catalog (XSC, Jarrett et al. 2000; Skrutskie et al. 2006 ) centred on the three main clusters near the core of the SSC: Abell 3562, 3558 and 3556 (Abell et al. 1989 ). This selection yielded 14 galaxies, with 3 being BCGs. The complementary sub-sample of BCGs was defined using a parent sample of clusters richer than the Virgo Cluster and observed with the HST (Laine et al. 2003) . We included 11 BCGs residing in clusters with richness larger than 40, where the richness is defined as the number of galaxies with magnitudes between m 3 and m 3 + 2 within an Abell radius of the cluster centre (m 3 is the magnitude of the third brightest cluster galaxy). Here we also used the information given in Laine et al. (2003) . The full M3G sample therefore consists of 14 galaxies in the SSC, and 14 BCG (three being in the SSC). In this paper we use 2MASS photometry as a reference, but as part of the M3G project, we have collected photometry from other imaging campaigns, which will be described in detail in future papers.
In addition to the visibility requirement that the galaxies are observable from Paranal, we imposed a selection criterion based on the distance and size of the galaxies: these had to be such that the MUSE field-of-view covers up to two effective radii of each target. The effective radii were collected from the XSC catalog, using the k r eff keyword. The most massive galaxies in the SSC have the right combination of parameters to satisfy this criterion, while the additional 11 BCGs were selected to be at similar redshifts. The galaxies span the redshift range 0.037 < z < 0.054, with a mean of z=0.046. The redshift of the SSC is assumed to be 0.048 (Metcalfe et al. 1987) . Adopting cosmology H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3, Ω Λ = 0.7, 1 is 904 pc at the mean redshift of the sample, while this scales changes from 735 to 1050 pc between galaxies (Wright 2006) .
The observations of the sample were performed within the MUSE Guaranteed Time Observations (GTO) during ESO Periods of discs, while non-regular rotation is used for twisted and complex velocity maps.
94 -99 (starting in the fall of 2014 and finishing in the spring of 2017). The observing strategy consisted of combining a short Observing Block (OB) of exposures during better-than-average seeing conditions (< 0.8 ) to map the central structures, and a set of OBs with longer exposure times to reach a sufficient signal-to-noise ratio (S/N) at two effective radii. The high spatial (short exposure time) resolution MUSE data will be presented in a forthcoming paper. The total exposure time for each galaxy varied from about 2 to 6 hours. The brightest galaxy in the sample (see Table 1 for details) was mosaiced with 2 × 2 MUSE fields, each observed up to 6h. All individual OBs consisted of four on-target observations and two separate sky fields sandwiched between the on-target exposures. On-target observations were each time rotated by 90
• and dithered in order to reduce the systematics introduced by the 24 MUSE spectrographs.
Data reduction and kinematics extraction
Data reduction was performed as the observations were completed. This means that several versions (from v1.2 to the latest v1.6) of the MUSE data reduction pipeline (Weilbacher et al. 2014) were used. Despite continued improvement of the reduction pipeline, given the brightness of the M3G sample, and the nature of the current study, the differences in the reductions do not affect the results and conclusions presented here. All reductions followed the standard MUSE steps, producing the master calibration files of the bias and flat fields, as well as providing the trace tables, wavelength calibration files and line-spread function for each slice. When available we also used twilight flats. Instrument geometry and astrometry files were provided by the GTO team for each observing run. These calibrations files, as well as the closest in time illumination flats obtained during the night, were applied to the on-target exposures. From separate sky fields we constructed the sky spectra which were associated with the closest in time on-target exposure, and from the observation of a standard star (for each night) we extracted the response function as well as an estimate of the telluric correction. These, together with the line-spread function (LSF) and the astrometric solution, were used during the science post-processing. The final data cubes were obtained by merging all individual exposures. As these were dithered and rotated, a precise alignment scheme was required. This was achieved using stars or unresolved sources, and for a few cases in which the MUSE field-of-view was devoid of such sources, using the surface brightness contours in the central regions. The final cubes have the standard MUSE spatial spaxel of 0.2 ×0.2 and a spectral sampling of 1.25 Å per pixel.
As a first step before extraction of the kinematics, we proceeded to spatially bin each data cube to homogenise the signalto-noise ratio throughout the field-of-view via the Voronoi binning method (Cappellari & Copin 2003) 2 . We first estimated the S/N of individual spectra from the reduction pipeline propagated noise, masking all stars or satellite galaxies within the field-of-view. Spatial binning is ultimately an iterative process, in which our goal was to achieve relatively small bins beyond one effective radius, but which provide a sufficient signal for extraction of robust kinematics. The quality of the extraction was measured using the signal-toresidual noise ratio (S/rN), where the residual noise is the standard deviation of the difference between the data and the model (as explained below). S/rN was required to be similar to the target S/N in bins at large radii. As the data quality varies between galaxies, 4500 5000 5500 6000 6500 rest frame [Å] 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Noramlized Flux galaxy pPXF fit residuals mask Figure 1 . An example of the pPXF fit to a spectrum extracted within an effective radius from PGC047177, which also shows ionised gas emission. The observed spectrum is shown in black and the best fit in red. Green dots are residuals. Light green shaded areas were masked and not fitted. These include the strongest emission-lines expected between 4500 Å and 7000 Å, as well as potential strong sky lines or telluric residuals.
it is possible for some galaxies to have sufficiently small bins in the central regions with S/rN ∼ 100, while for some galaxies S/rN ∼ 50 is the most that can be achieved for a reasonable bin size. For this work, we set the target S/N required by the Voronoi binning method to 50 for all galaxies. Additionally, before binning we removed all spectra (individual spaxels) with S/N less than 2.5 in the continuum (based on the pipeline estimated noise) 3 . In this way we excluded the spectra at the edge of the MUSE FoV, which essentially do not contain any useful signal and limited the sizes of the outermost bins.
Stellar kinematics were extracted using the pPXF method 4 (Cappellari & Emsellem 2004) . Our pPXF set up included an additive polynomial of the 4th order, and we fitted a line-of-sight velocity distribution parametrised by Gauss-Hermit polynomials (van der Marel & Franx 1993; Gerhard 1993) with the mean velocity V, the velocity dispersion σ and the higher order moments h 3 and h 4 . We masked all potential emission-lines and a few narrow spectral windows with possible sky-line residuals. Finally, we limited the fit to blue-wards of 7000 Å, to exclude potentially strong telluric and sky residuals. For each galaxy, a pPXF fit was first performed on the spectrum obtained by summing all MUSE spectra within one effective radius (covering an elliptical area equivalent to π×R 2 e ) and using the full MILES stellar library (Sánchez-Blázquez et al. 2006; Falcón-Barroso et al. 2011) as templates. The MUSE LSF significantly varies with wavelength with a full-width half maximum from 2.85 Å at 5000Å to 2.5 Å at 7000 Å (Guérou et al. 2017) . We used the parametrisation of the LSF from Guérou et al. (2017) and convolved the MILES templates to the MUSE LSF (varying with wavelength). Possible emission-lines were masked. As an example, we show the fit to the spectrum extracted within the half-light redius of one of our galaxies in Fig. 1 .
This first global pPXF fit provides an optimal set of stellar templates, which we propagate for each individual Voronoi-binned spectrum, using the same pPXF set-up. The quality of the fit was checked via the S/rN of each bin, where the residual Noise was the standard deviation of the difference between the data and the bestfit pPXF model. As outlined above, this S/rN was required to be at least 50 over most of the field-of-view. We extracted up to the 3 The value of S/N ∼ 2.5 was selected as a compromise between removing too many pixels in the outer regions and reducing the size of the outermost bins. 4 See footnote 2 for software availability.
4th Gauss-Hermit coefficient, but in this work we will primarily focus on the mean velocity maps of our 25 galaxies. The velocity dispersion and higher order velocity moments maps, as well as the analysis of the angular momentum will be presented in a future paper. The global velocity dispersion values are given in Table 1 .
PREVALENCE OF LONG-AXIS ROTATION IN MASSIVE GALAXIES
The velocity maps for the full M3G sample are shown in Fig. 2 . The sample is split into BCGs (first 14 maps) and non-BCGs from the SSC. In each subgroup galaxies are plotted in order of decreasing 2MASS K-band absolute luminosity. There are several noteworthy features in these maps, which we interpret within the kinematic classification system of the ATLAS 3D survey (Krajnović et al. 2011) . To start with, we note that almost all galaxies show some level of rotation. While the maximum velocity amplitudes reached within the two effective radii covered by our MUSE observations are often low (≈ 30 − 50 km/s), only one galaxy, e) PGC 043900, does not show a clear indication for net streaming motion within the field of view. This is somewhat different from the trend expected from the ATLAS 3D data (Emsellem et al. 2011; Krajnović et al. 2011) , where a few of the most massive systems (about 15 per cent for galaxies more massive than 2 × 10 11 M ), can be characterised as having no net rotation. Other studies of massive galaxies (e.g. Veale et al. 2017b ) also find a large number of galaxies with negligible net rotation. It is likely that, as in the case of NGC 4486 (Emsellem et al. 2014), our MUSE data are of such quality and extent that the rotation is revealed even in systems such as r) PGC 047590, where the amplitude of the rotation is only 30 km/s 5 . The coverage beyond one effective radius helps to determine the net rotation trend, but also reveals changes in the kinematics. This is especially noticeable among BCGs, where the velocity maps change orientation (e.g. b) PGC 048896), or there is a loss of coherent motions (e.g. h) PGC 065588). Non-BCGs, which we will call satellites in this context, do not show such changes. It might be the case that the changes are found at larger radii (as for some lower- The mean stellar velocity maps of the M3G sample galaxies. Galaxies are divided in two groups, the BCGs and satellites (non-BCGs in the SSC). BCGs are plotted in the first 14 panels starting from the top left, followed by satellites (as indicated with "SAT"). The two groups of galaxies are ordered by decreasing K-band absolute magnitude. The values in the lower right corner of each panel indicate the range of the velocities, where the negative are shown with blue and positive with red colours, as indicated by the colourbar. Black dashed contours are isophotes plotted in steps of one magnitude. All velocity maps are approximately 1 × 1 in size. Full red ellipses indicate the size and the orientation of the half-light region, specified by the ellipticity of the galaxy and the semi-major axis length equal to the 2MASS Ks-band effective radius. Green and brown lines indicate the orientation of the kinematic and the photometric major axes, respectively. Letters in upper right corner of each panel ("PRO", "TRI" and "OBL") indicate broad shape-related categories of the galaxy based on the kinematic misalignment (see Fig. 3 for details). Note that PGC 043900 is characterised as "TRI" due to its non-rotation. The letters in front of the galaxy names will be used in text for easier location of the object. mass fast rotators, Arnold et al. 2014 ), but there is no clear evidence for this within 2 R e . Another striking feature is that there are galaxies which show regular rotation, with peak velocity in excess of 200 km/s. These galaxies are in fact among the lower luminosity bin of our set of massive galaxies, and found within the group of satellites. Galaxies that belong to this class are v) PGC046860, u) PGC047177, y) PGC047273, x) PGC047355 and w) PGC097958. Their dynamical masses (see Section 4) are around 10 12 M , and they are all among the most massive galaxies with regular rotation. Their existence is expected (e.g. Brough et al. 2007; Loubser et al. 2008; Veale et al. 2017b; Lagos et al. 2017) , although their number likely decreases with increasing mass (e.g. Krajnović et al. 2011; Jimmy et al. 2013; Houghton et al. 2013; Veale et al. 2017b; Brough et al. 2017) . The fact that these galaxies are not found among BGCs is indicative of their less violent evolution maintaining the regular rotation. However, there is also the case of a) PGC 047202, the largest and the most luminous galaxy in the SSC, and a BCG, which shows high level of rotation, albeit non-regular.
Non-regular rotation is the most common characteristics of the M3G velocity maps. It is especially among BCGs, but it also occurs in non-BCGs. The existence of kinematically distinct cores (KDC), counter-rotation, the radial variation of the kinematic position angle, as well as the analysis of the velocity features beyond the effective radius will be discussed in a future paper. Here we quantify the kinematic misalignment angle Ψ as the difference between the position angle defined by the photometric major axis (PA phot ) and the global kinematic position angle (PA kin ) approximately within 1 effective radius. We measure PA kin using the method presented in Appendix C of Krajnović et al. (2006) 6 , which provides a global orientation of the velocity map. PA phot was measured by calculating the moments of inertia 7 of the surface brightness distribution from the MUSE white-light images (obtained by summing the MUSE cubes along the wavelength dimension). At the same time, the method provides the global ellipticity . As we used MUSE cubes for both PA kin and PA phot , they were estimated approximately within the same region. In Table 1 we report the measured photometric and kinematic position angles as well as other relevant properties used in this paper.
Kinematic and photometric position angles are shown in Fig. 2 as green and brown lines, respectively. Systems with regular rotation have almost overlapping lines, while systems with non-regular rotation often show that the kinematic misalignment angle Ψ is close to 90
• . To quantify this, we also present the distribution of Ψ as a function of the galaxy projected ellipticity for the M3G sample in Fig. 3 . We split galaxies into BGCs and satellites and draw two horizontal lines at 15
• and 75
• to separate oblate, triaxial and prolate geometries.
The most noteworthy characteristic of Fig. 3 is that galaxies seem to group in two regions, one with low and one with high Ψ. Galaxies with Ψ < 15
• are generally consistent with having oblate symmetries. Their velocity maps look regular, and all galaxies with high rotation amplitudes are found in this group. In order of rising ellipticity these BCGs are: l) PGC 004500, m) PGC 049940, a) PGC 047202, j) PGC 018236 and i) PGC 019085. Their intrinsic shapes are likely not axisymmetric, as their velocity maps show 6 See footnote 2 for software availability. 7 The routine can be found within the MGE Package (Cappellari 2002 Figure 3 . Distribution of the kinematic misalignment angle as a function of ellipticity, both measured within the effective radius of M3G sample galaxies. Red circles show BCGs, while blue squares are non-BCGs in the SSC (we call them satellites or SAT for simplicity). The symbol with an upper limit error bar is PGC 043900, the system with no net rotation and, therefore, no reliable PA kin measurement. Horizontal lines at Ψ = 15 • and 75 • are used to guide the eye for an approximate separation of shapes of galaxies, between mostly oblate (indicated with "OBL"), triaxial ("TRI") and prolate ("PRO"). These divisions are not meant to be rigorous but indicative. Colours on the right-hand side histogram follow the same convention as shown on the main plot and the legend.
kinematic twists and are not regular, but the velocity maps are close to aligned with their photometric axes. Galaxies with Ψ significantly larger than 0 (and lower than 90) cannot be axisymmetric as their net angular momentum is not aligned with one of the principle axes. Very indicative is also that 8 galaxies have Ψ > 75
• , while for one galaxy (e PGC 04390) it was not possible to determine Ψ as it does not show rotation. Among those 8 galaxies a closer examination shows rotation around the major axis within a large fraction of the half-light radius. These galaxies exhibit prolate-like rotation, as it is defined in Section 1, within a significant part of the MUSE field-of-view. The rotation amplitude is, as in the case of other non-regular rotators, typically small, mostly around 50 km/s or lower, and the observed (luminosity-weighted) rotation has to be supported by the existence of long-axis tube orbits.
There are 4 galaxies with 15 o < Ψ < 75 o : h) PGC 065588, p) PGC 047154, g) PGC 015524 and d) PGC 046832 (in order of decreasing Ψ). The first three have similar rotation pattern as other galaxies with prolate-like rotation. Strictly speaking the Ψ values are inconsistent with 90
• , but their velocity maps resemble those of galaxies with prolate-like rotation. We will, therefore, also refer to them as having prolate-like rotation. On the other hand, d) PGC 046832 exhibits a very complex velocity map with multiple changes between approaching and receding velocities, but its velocity map does not resemble prolate-like rotation, and its Ψ is significantly smaller than for other galaxies in this group. Therefore, we will not consider it to have prolate-like rotation. As mentioned before, another special case is e) PGC 043900, which does not have any rotation and its Ψ is not well defined. Therefore, it is plotted as an upper limit.
The prolate-like rotation comes in two flavours. It can be present across the full observed field-of-view (approximately 2 effective radii), for example in n) PGC007748, h) PGC065588 and r) PGC047590, but most galaxies have it within a specific area, Notes: Column 1: names of galaxies; Column 2: Absolute magnitudes; Column 3: kinematic position angle; Column 4: photometric position angle: Column 5: kinematic misalignment error; Column 6: ellipticity; Column 7: velocity dispersion within the effective radius; Column 8: effective radius based on the j r eff 2MASS XSC keyword; Column 9: stellar mass; Column 10: galaxy is a BCG -1, galaxy is a BCG in the SSC -2, galaxy is a "satellite" in the SSC -3; Column 11: the letter referring to the position of the object in Fig. 2 . Absolute K-band magnitudes are based on the 2MASS K-band total magnitudes and the distance moduli obtained from NED (http://ned.ipac.caltech.edu). The same distance moduli were used to convert sizes to kiloparsecs. Note that while we report actual measurements for the kinematic and photometric position angles, the kinematic misalignment Ψ for PGC043900 is an upper limit, as there is no net streaming in this galaxy. The stellar mass reported in the last column was estimated using columns 7 and 8, and the virial mass estimator from Cappellari et al. (2006) .
either outside the central region (but within one effective radius, s) PGC099188), or more typically covering the full half-light radius (e.g. k) PGC047752, f) PGC003342, c) PGC007300 or b) PGC048896). In these cases, the rotation at larger radii either disappears (e.g. t) PGC047197) or there is a change in the kinematic position angle and the rotation is consistent with being around the minor axis (f) PGC003342, c) PGC073000, b) PGC048896). The change in the kinematic position angle is relatively abrupt and occurs over a small radial range. Therefore, such galaxies could even be characterised as having large-scale KDCs, with the central component exhibiting prolate-like rotation. More typical and standard size KDCs are found in a few M3G targets (i) PGC019085 and d) PGC046832), but these will be discussed in more detail in a future paper devoted to the analysis of the high spatial resolution MUSE data cubes.
Finally, for a few galaxies there is evidence for a significant change beyond one effective radius in the properties of the velocity maps: regardless of regular or non-regular rotation within the effective radius, the outer parts show no rotation. They are, however, characterised by a spatially symmetric shift of velocities to larger values compared to the systemic velocity of the galaxy. Examples are the BCGs: m) PGC049940, i) PGC019085 and g) PGC015524.
Except for stressing that such velocities at larger radii are only found in the BCGs, we will postpone the discussion of these features to a future paper when it will be put in the full context of the kinematics of M3G galaxies.
DISCUSSION
In Fig. 4 we place the M3G sample on the mass -size diagram. We indicate the type of observed kinematics with different symbols and colours and also add the galaxies from the ATLAS 3D magnitude-limited sample for comparison. Galaxy masses and sizes for ATLAS 3D galaxies were obtained from Cappellari et al. (2013b) . For M3G objects we used their 2MASS sizes (XSC keyword j r eff), defining the size as R e = 1.61×j r eff as in Cappellari (2013) . Masses of the sample galaxies were approximated using the virial mass estimator M * = 5 × (R e σ 2 e )/G , where σ e is the effective velocity dispersion extracted from the MUSE data within an ellipse of area equal to π × R 2 e . Using the full M3G sample, up to 44 per cent of galaxies have prolate-like rotation (here we include h) PGC 065588, p) PGC 047154 and g) PGC 015524 with Ψ > 60
• , but do not consider e) PGC 043900). The M3G objects located in the SSC form a magnitude-limited subsample within a well defined environment. This subsample contains 5/14 (35 per cent) galaxies with prolatelike rotation. Of these 5 galaxies one is a BCG, while the other two BCGs in the SSC, including the most luminous and the largest galaxy in the sample, do not show prolate rotation. The fraction of prolate-like rotation is somewhat higher among BCGs. In our sample there are 7/14 BCGs with prolate-like rotation (excluding e) PGC 043900 with an uncertain Ψ), or 50 per cent. A comparison with the ATLAS 3D sample indicates that galaxies with prolatelike rotation are mostly found in massive galaxies and that they are typical for dense environments. This can be quantified using the literature data.
Within the ATLAS 3D sample there are six known galaxies with prolate-like rotation (NGC 4261, NGC 4365, NGC 4406, NGC 5485, NGC 5557 and NGC 4486), while Tsatsi et al. (2017) found 8 new systems in the CALIFA sample (LSBCF560-04, NGC0810, NGC2484, NGC4874, NGC5216, NGC6173, NGC6338, and UGC10695; 8 . Together with the previously known cases such as NGC1052 (Schechter & Gunn 1979) , NGC4589, NGC5982 and NGC7052 (Wagner et al. 1988) , this means a total of 17 galaxies with apparent prolate-like rotation were previously known in the nearby universe. The MAS-SIVE survey (Ma et al. 2014) found 11 galaxies with kinematic misalignment larger than 60
• , whereas 7 of those have Ψ > 75
• and can therefore be considered to have prolate-like rotation (Ene et al. 2018 ). These galaxies are: NGC 708, NGC 1060, NGC 2783, NGC 2832, NGC 7265, NGC 7274, and UGC 2783, where all of them except NGC7274 are classified as BCGs or brightest group galaxy (BGG). A recent study of the kinematic misalignment angle of more than 2000 MANGA galaxies (Graham et al. 2018 ) finds also a secondary peak at Ψ ∼ 90 • among galaxies more massive than 2 × 10 11 M . Combining the M3G sample of galaxies with prolate-like rotation with those from the literature, we see that such rotation typically does not occur for M * 10 11 M , and that for M * 10 12 M velocity maps with prolate-like rotation correspond to the most populated kinematic category.
Within the M3G sample, the prolate-like rotation is mostly found in BCGs, but is also present in non-BCGs. However, all galaxies in the M3G sample are members of groups or clusters of galaxies. Even when including the literature data, most galaxies with prolate-like rotation have been observed in galaxy clusters or groups. A similar finding is reported by the MASSIVE survey (Ene et al. 2018) , where galaxies with prolate-like rotation are almost exclusively found in BCGs/BGGs, and generally misaligned galaxies (Ψ > 15 • ) are rare in the low density environments, but common among the BCGs/BGGs or satellites. As the creation of non-regularly rotating, massive galaxies with low angular momentum (typical hosts for prolate-like rotation) can a priori occur in any environment (e.g. Cappellari et al. 2011b; Veale et al. 2017a ), we expect that galaxies with prolate-like rotation, if rare, still exist outside of dense environments. The evidence that this might be so could be seen in recent merger galaxies, such as NGC 1222 (Young et al. 2018) or NGC 7252 (Weaver et al. 2018 ). These galaxies are in late merging phases, and have not yet fully settled, but show prolate-like rotation of the stellar component. What makes them significantly different from other prolate-like systems, is their richness in atomic and emission-line gas, as well as ongoing star formation, implying that there are multiple ways of creating prolate-like kinematics. Such galaxies seem however rare, as Barrera-Ballesteros et al. (2015) does not report a significant incidence of large kinematic misalignment in mergers. A survey of massive galaxies across various environments could constrain the dependence of prolate-like rotation on the environment, as well as offer new possible scenarios for their formation.
Numerical simulations suggest that prolate-like rotation may be the outcome of binary mergers for specific orbital configurations (e.g Łokas et al. 2014 ). For example, major (1:1) dissipationless mergers in the study by Naab & Burkert (2003) exhibit rotation around the minor axis. Furthermore, the orbital structure and the shapes of remnants of major collisionless mergers indicate significant triaxiality and dominance of orbits that support triaxial or prolate shapes (Jesseit et al. 2005 (Jesseit et al. , 2009 Röttgers et al. 2014) . Numerical simulations of binary (disk) mergers often end up with mildly elongated and low angular momentum remnants, with triaxial shapes and prolate-like rotation (Hernquist 1992; Naab & Burkert 2003; Cox et al. 2006; Hoffman et al. 2010; Bois et al. 2011; Moody et al. 2014 ). More specifically, Tsatsi et al. (2017) emphasised that a polar merger of gas-free disc galaxies can lead to a prolate-like remnant. Ebrová & Łokas (2015) , looking at a broader set of merging configurations, found that radial orbits are more likely to produce prolate-like rotation, other orbital configurations (specific combinations of orbital and disk angular momentum) not being excluded.
Similar results are recovered in numerical simulations set within a cosmological context. Cosmological zoom-in simulations produce galaxies with prolate-like rotation ). The Illustris (Vogelsberger et al. 2014) , EAGLE (Schaye et al. 2015) and cosmo-OWLS (Le Brun et al. 2014 ) numerical simulations find that there is an increasing fraction of (close to) prolate shapes among the most massive galaxies (Velliscig et al. 2015; Li et al. 2016 , for EAGLE+cosmo-OWLs and Illustris, respectively). Major mergers seem to be ubiquitous among galaxies with prolate-like rotation (Ebrová & Łokas 2017) . Specifically, a late (almost dry) major merger seems to be crucial to decrease the overall angular momentum and imprints the prolate-like rotation. A recent study by Li et al. (2018) on the origin of prolate galaxies in the Illustris simulation, shows that they are formed by late (z < 1) major dissipation-less mergers: galaxies might have a number of minor or intermediate mass mergers, but the last and late major merger is the main trigger for the prolate shape. Similarly to the findings from idealised binary mergers, most mergers leading to prolate-like systems have radially biased orbital configurations. Lower-mass remnants may allow a broader set of possible orbital parameters, mass ratios as well as gas content among the (higher angular momentum) progenitors leading to prolate-like rotation (Ebrová & Łokas 2017) .
Prolate-like rotation does not strictly imply that the galaxy has a prolate mass distribution (or potential). This is nicely illustrated with idealised Stäckel potentials, where prolate systems allow only inner and outer long-axis tube orbits (de Zeeuw 1985) . Hence prolate galaxies can have velocity maps that either show prolate-like rotation or no-rotation. This is indeed found for the Illustris prolatelike galaxies; about 51% of actually prolate galaxies (using a tridimensional account of the mass distribution) show prolate-like rotation while the others have no net rotation (Li et al. 2018) , presumably as they contain both prograde and retrograde long-axis tube orbits. Nevertheless, galaxies with prolate-like rotation cannot be oblate spheroids.
Velocity maps of the M3G sample objects with prolate-like rotation show spatial variations, sometimes changing at larger radii to rotation around the major axis. This suggests more complex shapes, supporting various types of orbital families ( Figure 4 . The distribution of the M3G sample on the mass size plane. The M3G sample is shown with symbols that have black edges and dominate the high-mass end. For reference we also show galaxies from the ATLAS 3D sample with coloured symbols. The shape and the colour of the symbol is related to the kinematic type as indicated in the legend. The classification is taken from Krajnović et al. (2011) with the following meanings: RRregular rotation, NRR -non-regular rotation, and PRO -prolate-like rotation (nominally the latter are part of the NRR group, but we highlight them here). Diagonal dashed lines are lines of constant velocity dispersion calculated using the virial mass estimator. The green shaded region shows the expected region where galaxies growing through dissipation-less mergers should lie, assuming major 1:1 mergers (dot-dashed red line) and multiple minor mergers (dotted blue line). The orange hatched region encompasses the mass -size evolution of major merger remnants depending on the merger orbital parameters, as explained in Section 4. 1991). A classical example of such galaxies is NGC 4365 (Bender 1988) , which has a large KDC and outer prolate-like rotation. Its orbital distribution is complex with both short-and long-axis tubes responsible for the formation of the observed (luminosity-weighted) kinematics (van den Bosch et al. 2008) . This is also a characteristic of high-mass merger remnants, which often contain a large fraction of box orbits, short-and long-axis tubes, varying relatively to each other with radius (e.g. Röttgers et al. 2014 ). With such caveats in mind, it is worth assuming for a moment that M3G galaxies with prolate-like rotation are actually significantly triaxial and close to being prolate. Prolate galaxies in the Illustris simulation are found only at masses larger than 3 × 10 11 M , and above 10 12 M 62 per cent of galaxies are prolate or triaxial, 43 per cent being prolate (Li et al. 2018) . This is coincidentally close to our observed fraction of prolate-like systems (44%) within the M3G sample. The similarity between these fractions should be taken with caution, as we stress the M3G sample is neither complete nor a representative sample, and the number of actually prolate galaxies is certainly lower then the number of galaxies with prolate-like rotation.
Notwithstanding the actual frequency and shape of galaxies with prolate-like rotation, they cluster in a special region of the mass -size diagram, as Fig. 4 shows. The M3G sample lies on an extension of the arm-like protuberance arising from the cloud of galaxies at high masses and large sizes. The M3G data extend this arm by almost an order of magnitude in mass and a factor of 5 in size. At masses below 6 × 10 11 M covered by previous surveys, galaxies that were found on this extension were typically old and metal-rich slow rotators characterised by a deficit of light (cores) in their nuclear surface brightness profiles (Emsellem et al. 2011; Cappellari et al. 2013a; Krajnović et al. 2013; McDermid et al. 2015) . Specifically, their kinematic properties and the corelike light profiles were used as an indication that the formation of these galaxies was different from other galaxies populating the mass -size plane, which are characterised as star-forming disks, or bulge dominated, oblate and fast rotating early-type galaxies (Cappellari et al. 2013a; Cappellari 2016) . The most likely formation process of galaxies populating that extension is through dissipationless mergers of already massive galaxies: these may provide a way to explain their kinematics, low angular momentum content, cores in light profiles (through binary black hole mergers, e.g. Ebisuzaki et al. 1991; Milosavljević & Merritt 2001) and old stellar populations.
The M3G extension of the arm supports this picture in two additional ways. Firstly, it shows that while these galaxies span a large range in both mass and size, their effective velocity dispersions are not very different, as expected in major dissipation-less mergers (e.g. Hopkins et al. 2009; Bezanson et al. 2009; Naab et al. 2009 ). Following the argument outlined in Naab et al. (2009) , if a massive galaxy grows via equal-mass mergers (of progenitors with similar sizes and/or velocity dispersions), both the mass and the size of the remnant will increase by a factor of 2, while it will follow a line of constant velocity dispersion in Fig. 4 . We illustrate this path with a red dot-dashed line, where products of consecutive equal-mass mergers would fall, for example starting with systems of M= 6 × 10 11 M and R e = 7 kpc, representative of the most massive galaxies in the local Universe. The same increase in mass achieved through multiple minor mergers (with smaller mass, size and velocity dispersion progenitors) would lead to a size increase by a factor of 4, while the velocity dispersions would typically be reduced by a factor of 2. This corresponds to the blue dotted line in Fig. 4 , starting from the same main galaxy progenitor (see also fig.  2 in Bezanson et al. 2009 ).
Equal mass merger simulations show that the relation between the mass and the size of galaxies also depends on the merger parameters, such as the pericentric distance, type of the orbit and its angular momentum (Boylan-Kolchin et al. 2006 ). This study showed that depending on the merger orbit, the mass -size relations follows R e ∼ M α * , where α = 0.7−1.3. We add this range of possibilities on Fig. 4 as a hatched region, indicating the possible location for massive galaxies after major mergers, and fully encompassing M3G sample galaxies. A caveat in this simple argument is that some of the massive galaxies today will start merging as more compact objects in the early Universe, as is evident from the evolution of the mass -size relation with redshift (van der Wel et al. 2014 ) and implied by compact size of high redshift quiescent galaxies and their subsequent evolution (e.g. van Dokkum et al. 2008 van Dokkum et al. , 2010 .
Inevitably the merger history of massive galaxies will be a combination of multiple minor mergers and a small number of major (or even equal) mass mergers (e.g De Lucia & Blaizot 2007; Johansson et al. 2012; Naab et al. 2014) . The evidence for such a combination is visible in the differences between the central region (about 1 R e ) and the outskirts, as they often do not share the same kinematics or stellar populations, which will be the topic of future papers. The tightness of the region on the mass -size dia-gram within which the M3G galaxies lie suggests that the growth of the most massive galaxies (> 10 12 M ) and, in particular, BCGs is dominated by major mergers. This would be consistent with the findings by Li et al. (2018) that also links such massive mergers with prolate-like rotation. Given that more than half of the BCGs in our sample exhibits prolate-like rotation, we speculate that indeed most of these experienced a late major (dry) merger, between two massive (possibly both central) galaxies. A radial bias in the orbital configurations for such mergers leading to an increase fraction of prolate-like rotators may naturally emerge from the preset of phasespace distribution of massive galaxies, also relative to the largescale structures (West et al. 1995; Niederste-Ostholt et al. 2010; West et al. 2017) .
CONCLUSIONS
In this work, we report that a large fraction of galaxies more massive than 10 12 M show prolate-like rotation. This is shown by the analysis of MUSE data of the magnitude-limited sample of massive galaxies in the Shapley Super Cluster and a matching (in luminosity) sample of BCGs. This M3G sample consists of 25 galaxies, of which 14 are BCGs, 11 are satellites in the SSC and 3 are BCGs in the SSC. We present their stellar velocity maps, and measure their kinematic misalignment angles, showing that 44 per cent of galaxies in the M3G sample have their main rotation around their major axes. Selecting only BCGs the fraction increases to 50 per cent, while in a magnitude limited subsample of satellites, prolate-like rotation is detected in 35 per cent of galaxies.
The prolate-like rotation is suggestive of a triaxial or close to prolate intrinsic shape. For most of our galaxies rotation amplitudes are low, but velocity maps typically shows net streaming. These kinematics indicate a violent assembly history, with at least one major dissipation-less merger. The M3G data support a scenario where the final growth of the most massive galaxies is dominated by late dissipation-less merging of similar mass systems. This could be associated with the prevalence of prolate-like rotation in the most massive BCGs and is consistent with the location of these systems within a mass -size diagram, which we extend by almost an order of magnitude in mass and a factor of 5 in size.
The current sample suggests that there is a rather narrow path for climbing the last rung of the galaxy mass ladder, which would be characteristic of dense cluster environments. Answering whether or not such very massive systems require the merging of already central systems would require a more extended studies and a closer look at relevant simulations. The fact that BCGs seem to show an alignment trend with respect to the larger-scale structures may be a interesting avenue to consider, as it would naturally explain a bias in the orbital configuration for equal-mass massive and late mergers. Interestingly enough, prolate-like rotation is also found in lower-mass galaxies (e.g. as seen by the ATLAS 3D and the CALIFA surveys, as well in some dwarf galaxies). This further suggests that galaxies with prolate-like rotation should be present in low galactic density regions, while the progenitors may be quite different (i.e. gas-rich).
